In Pakistan, excessive lowering of the groundwater table has made crop irrigation costlier and without improving production efficiency, Pakistan's rural economy will be adversely affected. This study estimated the technical, allocative, and groundwater use efficiency of wheat producers, identified the factors affecting their allocative efficiency, and suggested policy implications from these results. The data were collected from 84 tubewell owners, 65 tubewell shareholders, and 75 water buyers. The technical, allocative, and groundwater use efficiency were estimated by the Data Envelopment Analysis (DEA) method, and the important factors affecting the allocative efficiency were identified by two-limit tobit regression analysis. The results highlighted that the tubewell owners, tubewell shareholders, and water buyers had above 90% technical and groundwater use efficiency. However, allocative efficiency was substantially lower for all groups, indicating that wheat production costs could be significantly reduced by the optimal allocation of inputs. The allocative efficiency of wheat farmers decreased significantly with the increasing capacity of the tubewells, with the sharing of tubewells, and with the use of tractor-operated tubewells. The results imply that wheat farmers should be provided with technical and decision-making support to select an appropriate tubewell system that minimises their cost of production and improves their allocative efficiency. Furthermore, the resource allocation system of tubewell shareholders should be further studied to improve the allocative efficiency of wheat farmers.
Introduction
Groundwater irrigation plays a key role in agricultural production in arid regions due to its advantages, such as the provision of a more secure water supply than surface water, and its reliability during extended droughts [1] . Pakistan has the fourth largest area equipped with groundwater irrigation covering approximately 5.2 million hectares [2] , with the Punjab and Balochistan Provinces predominately irrigated with groundwater. The proportion of area under groundwater irrigation has increased gradually from 8% in 1960 to 47% in 2010 [3] to cope with insufficient canal water supplies. Farmers extract up to 39 km 3 of groundwater per year in Pakistan [2] -largely for irrigating wheat, sugarcane, maize, and rice crops. Groundwater accessibility played a vital role in achieving higher economic growth by ensuring predictable and increased crop yields and by reducing crop exposure to external shocks such as droughts [4] [5] [6] . However, excessive mining of aquifers in fresh groundwater areas has resulted in falling water tables, to the extent that groundwater has become inaccessible in 5% and 15% of the irrigated areas of the Punjab and Balochistan provinces, respectively [4] . Excessive lowering of the groundwater table has left farmers with no choice other than to drill deeper wells, which has made pumping costlier and energy intensive.
Wheat is one of the main irrigated crops in Pakistan, with 80% of farmers growing wheat as a food crop as well as a cash crop [7] , and it is cultivated on nine million hectares, contributing about 10% of the total value of the country's agriculture and 2.1% of gross domestic product [8] . Eighty five percent of the total wheat production is dependent on surface and groundwater irrigation [7] . Accessibility to groundwater has positively impacted the yield of irrigated wheat and boosted the profit margins of farmers [9] . This has improved the rural livelihood and the agricultural economy of Pakistan at large [10] . However, the increasing depth of the groundwater table has caused pumping costs to rise from 4.2 USD per 1000 m 3 for shallow tubewells (<15 m) to 12 USD per 1000 m 3 for deep tubewells (>15 m) [11] . The increased cost of pumping increases the cost of production, thereby decreasing the profit margins of farmers [12] . This development can eventually render groundwater irrigation economically unviable for wheat crops.
The cost of production can be brought down by decreasing the cost of inputs [13] , by adjusting management practices, i.e., by improving technical and resource use efficiency [14] , or by adjusting inputs according to the cost minimising proportion, i.e., by achieving allocative efficiency [15] . There is little hope of a decrease in the price of agricultural inputs as over the recent years, the prices of gas, electricity, and other agricultural inputs have been revised upwards several times, with these increases in input prices having been much higher than the increase in the price of agricultural outputs [16] . Therefore, improvement in technical efficiency, allocative efficiency, and groundwater use efficiency is more effective tools for reducing production costs. Previous studies have found that wheat farmers lack technical and groundwater use efficiency [17] [18] [19] . The drivers of technical and groundwater use efficiency have also been studied [17] , and the results have revealed that beside the socio-economic characteristics of farmers, the ownership of tubewells significantly improves technical and irrigation efficiency. The extent of allocative efficiency and its drivers have not been well studied in Pakistan. However, we conjecture that the rise in irrigation costs can adversely affect the allocative efficiency of wheat farmers.
In Pakistan, groundwater users are divided into three groups on the basis of tubewell ownership: tubewell owners, tubewell shareholders, and water buyers [20, 21] . Tubewell owners install a private tubewell on a legally owned piece of land over an aquifer to extract unchecked amounts of groundwater. The farmers who cannot afford to install a tubewell buy groundwater from neighbouring tubewell owners through over-the-counter (informal) groundwater markets [6] or they become shareholders in a tubewell by contributing to the installation and operational costs of the tubewell [21] . For tubewell owners and tubewell shareholders, the cost of groundwater irrigation is equal to the sum of extraction and operational costs. On the other hand, water buyers pay the cost of groundwater extraction and a fixed hourly charge for the purchase of water. Therefore, the cost of irrigation is higher for water buyers than it is for the other two groups [5, 22, 23] . The difference in cost is also attributed to the type of tubewell, i.e., whether it is electric or diesel operated, as electricity is cheaper than diesel fuel and so electric tubewell users bear less costs for irrigation than diesel tubewell users. Differences in the cost of input can affect farmers' ability to allocate inputs according to their costs, leading to inefficiencies in production [13, 24] .
Although technical and groundwater use efficiency provides important information about the management practices of farmers, these indicators do not explain farmers' ability to allocate irrigation water and other inputs to their cost-minimising input proportions [25] . Information about allocative efficiency and its determinants provides crucial help to policy makers in devising policies for expediting rural development and increasing farm income [26, 27] . Due to its importance in reducing production costs and improving profit margins, this study focused on the allocative efficiency in wheat production among groundwater users in Pakistan.
This paper aimed to (1) simultaneously analyse the level of technical, allocative, and groundwater use efficiency of tubewell owners, tubewell shareholders, and water buyers; (2) identify the major factors affecting the allocative efficiency; and (3) suggest policy implications from the results.
Methodology

Conceptual Framework
Studies on efficiency differentials by agronomists and irrigation engineers tend to be based on computationally easy and intuitively appealing techniques using measures such as crop yield per unit of land or water applied. However, such measures do not provide complete knowledge about the causes of variations in crop yield at different farms, due to the disregard of probable dissimilarities and heterogeneity in other production factors such as labour, machine use, or chemical inputs [14] . In contrast, the measurement of technical efficiency is a more detailed and reliable assessment approach, in which all factors of production and inputs are considered simultaneously to assess productivity and efficiency [28] . Technical efficiency is achieved when a farmer produces a given output from the least possible quantity of inputs [24, 29] . Groundwater use efficiency estimates possible relative reductions in groundwater use without changing the remaining inputs and output levels [30, 31] . Technical efficiency considers the physical aspects of production without considering the market prices of the inputs or the value of the outputs. Allocative efficiency is achieved when a farmer allocates inputs in order to minimise the cost of producing a given level of output [29] .
Efficiency Estimation-Data Envelopment Analysis
In this study, the estimation of technical and allocative efficiency was based on Farrell's concept of relative efficiency and the production possibility frontier [29] . There are two approaches used to estimate relative efficiency: (1) a parametric approach (e.g., Stochastic Frontier Approach (SFA)) and (2) a non-parametric approach (e.g., Data Envelopment Analysis (DEA)). Data envelopment analysis (DEA), is a non-parametric frontier approach to evaluate the relative efficiency of a set of homogeneous decision-making units (DMUs) featuring multiple inputs and outputs [32] . Using the DEA method, each farm's efficiency score is individually optimised through mono-objective linear programming, comparing resources used (inputs) and quantities produced (outputs) to the levels of other units [33] . The result is the construction of an efficient frontier. The DMUs lying on the frontier are efficient (score of 100%), while the others are inefficient (score of less than 100%). DEA has recently been widely applied to analyse the efficiency of energy consumption [34] , agricultural production [35] [36] [37] , and the tourism [38] and banking sectors, among others [39] .
This study applied the DEA approach to estimate the efficiency of wheat producers for the following reasons: (a) it requires no specification of any functional form between inputs and output, a priori, nor distributional assumptions of the data, thus it is resistant to specification bias and non-normality [40] ; (b) simultaneous inclusion of more than one input and output into the analysis does not incur aggregation bias; (c) it identifies efficient farmers (peers) used as benchmarks to compare the performance of less efficient farms; (d) the analysis is unit invariant [35, 41] ; (e) the DEA model is ideal to calculate total factor efficiency to comprehensively measure input-output efficiency and compare the efficiency among DMUs; and (f) the weights in the DEA model are not influenced by subjective factors [34] . Reason (a) is particularly relevant as some important categorical variables are included in the analysis.
A range of DEA models have been developed that measure efficiency in different ways. One categorisation refers to input-oriented models and output-oriented models [35, 41] . Our study adopted the input-oriented approach, as the main focus was to analyse possible input reduction to maintain given output levels. Another categorisation can be made with respect to the scale assumptions that underpin the model. Commonly, constant returns to scale (CRS) or variable returns to scale (VRS) are considered. The latter encompasses both increasing and decreasing returns to scale [35, 41] . There are generally a priori reasons for assuming that agricultural production would be subject to variable returns and, in particular, decreasing returns to scale [35, [40] [41] [42] . Therefore, the VRS model was employed in this paper.
Technical Efficiency Estimation
Technical efficiency was estimated by solving the linear minimisation problem given in Equation (1), as developed by [43] :
subject to the following constraints:
where "θ k " denotes the relative technical efficiency of the farmer (or DMU) "k" under study; λ j are the weights to be used as multipliers for the input levels of a reference farm to indicate the input levels that an inefficient farm should aim to achieve to become efficient. z ik is the level of input "i" on farm "k" and w k is the level of output (i.e., wheat yield) for farmer "k". "n" is the number of sampled farmers.
n ∑ j=1 λ j = 1 imposes the restriction that the production frontier is convex, implying that the technical efficiency is estimated under the VRS assumption.
Groundwater Use Efficiency Estimation
The efficiency of a single input can be estimated by the sub-vector efficiency method (SVM) or the slack-based DEA method (SBM). While both methods estimate input efficiency through non-radial measures, only the SBM estimates slack values, as well as efficiency scores [37] . Slacks assess unwarranted usage of an input in a production procedure. The current study used the SBM model to estimate the excessive use of groundwater in wheat production, which is expressed in Equation (2), given by [31] .
where S − represents the excessive quantity of a particular input, and S + gives the extra output that could be achieved. The character ε is a "non-Archimedean infinitesimal" demarcated to be less than any positive real number. The outcomes of this minimisation problem can be interpreted such that a wheat farmer is strongly efficient if θ * = 1 and all slacks are zero; and weakly efficient if θ * = 1 and all slacks are not equal to zero [35] . Groundwater use efficiency is estimated by Equation (3), by following [31] :
Groundwater use e f f iciency = Technical e f f iciency −
whereas V et is the excessive amount of the input t, and V ot is the actual quantity of the input t.
Allocative Efficiency Estimation
To estimate the allocative efficiency of the kth farmer by DEA, we followed Equation (4) [15] :
where, z * k denotes the cost-minimising set of inputs with the price of inputs and outputs given as vector c k . The allocative efficiency for the kth farmer is calculated by dividing his minimum possible cost of production (c k z * k ) with his or her actual cost of production (c k z k ), as given by Equation (5):
Determinants of Allocative Efficiency-Two-Limit Tobit Regression
The estimation of efficiency scores was followed by the construction of a statistical model to estimate the determinants of allocative efficiency scores. Allocative efficiency scores are bounded between zero and one. Such variables are termed as two-sided censored variables. The most frequently used method to predict the values of such variables is the two-limit tobit regression model [17, 28, [44] [45] [46] . In our case, the dependent variable represents a proportion, which requires that there should not be an excessive amount of censoring (values of zero and one). This requirement is satisfied, as shown in Section 3. The two-limit tobit regression model is given by Equation (6):
where θ k is the efficiency value; t j is the set of explanatory variables for j = 1, . . . , m; and ε j is the error term. The parameters in the tobit regression model were estimated using the maximum likelihood approach [47] .
Study Area and Sampling
This study was carried out in the Faisalabad district of Punjab Province in Pakistan ( Figure 1 ). Faisalabad district lies between two rivers: the Chenab and Ravi. As a result, its agricultural land is composed of alluvial soils that enable farmers to cultivate a variety of different crops, such as grains, fodders, cotton, sugarcane, and horticultural crops. In the selected study area, the predominant cropping patterns include rice-wheat, cotton-wheat, and wheat-sugarcane systems. Wheat is cultivated over 0.3 million hectares in Faisalabad, making it the second largest wheat-growing district in Pakistan [48] . Due to the arid climate, wheat production depends on surface and groundwater irrigation. Groundwater irrigation had been used as a supplementary or main source of irrigation in the study area for more than two decades [49] . In 2012-2013, 60% of the total crop area was irrigated with groundwater, out of which 52% was irrigated through exclusively owned and shared tubewells, and 48% by purchased water [50] . There were 31,190 irrigation tubewells reported in Faisalabad in the year 2011-2012 [50] . Groundwater exploitation has resulted in the gradual decline of groundwater tables, leading to increases in extraction costs [5] . The present study site was selected bearing in mind its prominent position in wheat production, dependence on groundwater, and declining groundwater levels.
A multistage sampling method was adopted to collect the primary data. In the first stage, 15 villages were randomly selected from Faisalabad district. In the second stage, stratified sampling was used to categorise wheat farmers as tubewell owners, tubewell shareholders, and water buyers. In the third stage, 15 farmers were selected randomly from each village. This gave a total of 224 farmers, of which 84 were tubewell owners, 65 tubewell shareholders, and 75 water buyers. The numbers of tubewell owners, tubewell shareholders, and water buyers were determined proportionately from each village, based on their population in the respective village. tables, leading to increases in extraction costs [5] . The present study site was selected bearing in mind its prominent position in wheat production, dependence on groundwater, and declining groundwater levels. A multistage sampling method was adopted to collect the primary data. In the first stage, 15 villages were randomly selected from Faisalabad district. In the second stage, stratified sampling was used to categorise wheat farmers as tubewell owners, tubewell shareholders, and water buyers. In the third stage, 15 farmers were selected randomly from each village. This gave a total of 224 farmers, of which 84 were tubewell owners, 65 tubewell shareholders, and 75 water buyers. The numbers of tubewell owners, tubewell shareholders, and water buyers were determined proportionately from each village, based on their population in the respective village. 
Data and Variable Definition
A structured questionnaire was used to conduct interviews with each of the wheat farmers to collect information on wheat yield, seed rate, irrigation quantity, fertiliser rate, machine use, labour input, and herbicide use, with the respective prices. This information was used for the estimation of technical, allocative, and groundwater use efficiency. Household demographics, characteristics of the 
A structured questionnaire was used to conduct interviews with each of the wheat farmers to collect information on wheat yield, seed rate, irrigation quantity, fertiliser rate, machine use, labour input, and herbicide use, with the respective prices. This information was used for the estimation of technical, allocative, and groundwater use efficiency. Household demographics, characteristics of the farmer and farm, and tubewell data were also collected to help understand their effects on allocative efficiency. The quantities and prices of wheat inputs were entered into the DEA model in per-hectare units to enable a comparison of performance across various farm sizes. All of the prices were measured in Pakistani rupees and were converted into values per hectare (PKR/ha). (1 USD = 100 PKR) ( Table 1) . To estimate the quantity of groundwater applied to irrigate each farmer's wheat crop and its cost, the questionnaire gathered information about the number of groundwater irrigations applied to the wheat crop, the duration of each irrigation, and the per-hour cost of using groundwater irrigation for the farmer.
Following [17, 51, 52] , an approximate estimation model was applied to obtain the groundwater irrigation volume (Equation (7)):
where, Q is the total volume of groundwater (cubic meters), t is the total irrigation time (h), d is the depth of the bore (metres), D is the diameter of the suction pipe (inches), and BHP is the power of the engine (horsepower).
The total cost of groundwater irrigation was estimated as given in Equation (8). The irrigation cost was expressed as Pakistani rupees per hectare.
where, t is the total irrigation time (h per hectare), c is the cost of irrigation (Pakistani rupees per hour).
Results
This section first presents descriptive statistics of the selected variables, as well as the estimated scores and frequencies of the technical, allocative, and groundwater use efficiency of wheat farmers, which is followed by the identification of factors affecting the allocative efficiencies of the sampled wheat farmers. Table 2 presents differences in the input use and cost of producing wheat among tubewell owners, shareholders, and water buyers. Additionally, the differences in wheat yields and the value of wheat produce realised are highlighted in the table. It is important to understand these differences because they are the main source of variation in technical and allocative efficiency among wheat farmers. Tukey's Honestly Significant Difference (Tukey's HSD) test [53, 54] was applied on each input and cost item to examine the significance of group-wise differences, where the statistical significance level was kept at 0.05. The test results indicated that the wheat area was significantly different for all the three pairs, with the shareholders allocating the largest area and the water buyers allocating the smallest. The tubewell owners applied significantly higher quantities and costs of nitrogen and phosphorous fertiliser compared to the two other groups. It was observed that the shareholders used significantly higher quantities and costs of seed, labour, and machines per hectare.
Economics of Wheat Cultivation by Tubewell Ownership
The input of interest in this paper was groundwater irrigation. Descriptive and inferential statistics showed that the shareholders had considerably higher irrigation water use at 1549 m 3 /ha, while the owners and water buyers used 1252 m 3 /ha and 1000 m 3 /ha of water, respectively. However, the cost of irrigation water per hectare borne by the shareholders was the lowest among all three groups. This is because the buyers paid higher unit costs than the owners and shareholders, and electrical tubewells ran on subsidised electricity, rendering the cost of groundwater lifting from electric tubewells lower than from diesel engine and tractor-operated tubewells. Table 3 presents the correlations between different inputs and the output of wheat production. The correlation between inputs and yield depicts that groundwater use, seed rate, phosphorous and nitrogen fertiliser, and machine use are significantly associated with wheat yield. Labour input has a significant and positive correlation with the seed rate, bio-fertiliser, phosphorous and nitrogen fertiliser, and machine use. This is institutive because in the study area, most of the farmers apply all inputs manually, and therefore, labour use increases with increased input application. Groundwater use is significantly associated with fertiliser use, which suggests that irrigation and fertilisers are complementary inputs in the study area. The complementarity of irrigation and fertilisers has also been established by [55] . Input prices have similar correlations with the cost of wheat yield (Appendix A). Source: Derived from the survey data, 2015. The Tukey's HSD test was performed using SPSS software. Note: The small letters a, b, and c represent tubewell owners, shareholders, and water buyers respectively. When a letter appears with a value, it indicates a significant mean difference between the groups. For Tukey's HSD test, the significance level was kept at 0.05. kg = kilograms; ha = hectares; m 3 = cubic metres; PKR = Pakistani rupees. Table 4 displays the personal characteristics of farmers, the household characteristics, and the farm properties for the three groups of groundwater users. For the average age, it was observed that the shareholders were the oldest while the exclusive owners were the youngest of the three groups. The data for education level revealed that the tubewell owners were more educated than the shareholders and water buyers, while the shareholders and water buyers had the same education level. Appendix C shows the results of a t-test of mean differences across these groups.
Characteristics of Irrigation Water Users by Tubewell Ownership
Regarding the average farm size, it was observed that the tubewell shareholders had the largest landholding (7.4 ha), followed by the tubewell owners (5.3 ha) and water buyers (2.4 ha). Family size followed the same pattern as farm size. The tubewells of the shareholders were the deepest and had the largest discharge capacity. Deeper and larger capacity tubewells are more expensive to install and require more energy to draw water, which might have encouraged the sharing of expenses and the joint investment in tubewells. It is interesting to find that all of the tubewell shareholders used the same type of tubewells, i.e., electric tubewells. The relationship between tubewell shareholding and the installation of electric tubewells was highly correlated (Appendix D). Exclusive owners of tubewells had either diesel or tractor-operated tubewells. Albeit not presented, the water buyers purchased water predominantly from diesel tubewells, followed by electric and tractor-operated tubewells, in descending order. The result showed that the water buyers seemed to have the highest proportion of off-farm income sources, though there was no statistical significance in the differences among the three groups (Appendix D).
A total of 44% of the exclusive owners, 63% of the shareholders, and 63% of the water buyers perceived that their groundwater was saline, though none of the farmers had tested the quality of the groundwater to check for its suitability for irrigation. Table 5 presents the results of the input-oriented DEA model estimation. The average technical efficiency score was 99% for both types of tubewell owners, and 97% for the water buyers. The overall level of technical efficiency was fairly high, and the frequency distribution showed that 75% of the tubewell owners, 71% of tubewell shareholders, and 65% of water buyers had 100% technical efficiency.
Technical and Groundwater Use Efficiency by Tubewell Ownership
The slack variable resulting from the technical efficiency analysis allowed for the estimation of groundwater use efficiency. Slack estimation revealed that the mean groundwater use efficiency score for the tubewell owners, tubewell shareholders, and water buyers was 97%, 96%, and 94%, respectively. The frequency distribution showed that 31% of the tubewell owners, 32% of tubewell shareholders, and 39% of water buyers used groundwater irrigation with some inefficiency. Source: Derived from the survey data, 2015. The analysis was conducted using the "Benchmarking" Package in R software.
Allocative Efficiency by Tubewell Ownership
The results of the VRS cost minimising DEA model revealed that the mean allocative efficiency was 70%, 56%, and 69% for the tubewell owners, tubewell shareholders, and water buyers, respectively (Table 6 ). Only 4% of the tubewell owners, 5% of the tubewell shareholders, and 5% of the water buyers operated at 100% allocative efficiency. Derived from the survey data, 2015. The analysis was conducted using the "Benchmarking" Package in R software.
Factors Affecting Allocative Efficiency
The second part of the analysis investigated the factors affecting the allocative efficiency of wheat farmers. The allocative efficiency scores of wheat farmers were negatively related to the discharge capacity of the tubewells, being tubewell shareholders, and with the use of tractor-operated tubewells (Table 7) .
To inspect the robustness of the model, stepwise removal of insignificant variables was performed. The three variables with the largest p-values were removed one by one. The results showed that the removal of insignificant variables affected neither the likelihood ratio of the model nor the coefficients and significance of the other variables to a large extent. The results for the key variables were not sensitive to the alteration of specifications. Derived from the survey data, 2015. The analysis was conducted using the "VGAM" Package in R software. The values in parentheses are the standard error. Note: * Significant at 10%, ** Significance at 5%, *** Significant at 1%.
Discussion
The present study estimated the technical, allocative, and groundwater use efficiency of wheat farmers using data envelopment analysis. The major determinants of the allocative efficiency were also identified using two-limit tobit regression analysis. The sampled data included 84 tubewell owners, 65 tubewell shareholders, and 75 water buyers from Faisalabad district in Pakistan.
The technical efficiency results highlighted that wheat farmers operated with fairly high levels of technical efficiency. Studies in other agro-ecological zones of Pakistan have found lower technical efficiency in irrigated wheat production, such as [17] [18] [19] 56] . It is very likely that the improved technical efficiency scores in our study were due to the higher education level and larger farm size of the sampled farmers in our study area. There is empirical evidence that the technical efficiency of wheat production is positively related to education levels [17] and farm size [57] . The lack of any significant difference in the technical efficiency among different groundwater users implies that they all used similar production technologies and the efficiency in use of such technologies had saturated. Groundwater use efficiency scores also portrayed the sufficiently high efficiency performance of the wheat farmers. The results of groundwater use efficiency imply that the tubewell owners, tubewell shareholders, and water buyers could reduce their groundwater use by 3%, 4%, and 6%, respectively, without increasing the quantities of other inputs or compromising the level of wheat output. The lack of significant difference in groundwater use efficiency among the different user groups indicates that all user groups have similar qualities of irrigation services.
Despite being technically efficient, a substantial number of the wheat farmers did not achieve allocative efficiency. The low allocative efficiency scores imply that, if the wheat farmers optimised their input allocation, they could attain the same output level with markedly lower production costs. More specifically, there is room for the tubewell owners, tubewell shareholders, and water buyers to reduce their wheat production costs by 30%, 44%, and 31%, respectively. The tubewell shareholders employed more groundwater, labour, machinery, and seed than the tubewell owners and water buyers (see Table 2 ). They also had the highest cost of seed, labour, and machinery as well, among all three groups (see Table 2 ). These excessive costs might explain the lowest allocative efficiency scores of the tubewell shareholders compared to the two other groups of wheat farmers.
Two-limit tobit analysis showed that the allocative efficiency of wheat farmers decreased in line with the increasing capacity of their tubewells, being a shareholder, and use of a tractor operated tubewell. The correlations among independent variables included in the tobit model revealed that the capacity of tubewells was positively related to tractor-operated tubewells and shareholder tubewells (Appendix C), indicating that tractor-operated tubewells and shared tubewells use a higher capacity operating system. An association between the depth and capacity of tubewells and tractor-operated tubewells was also observed by [58] . As tractors use 42-80 horse power engines, the power capacity of these engines has been found to be higher than the optimal capacity required to draw water from the given water depth [58] . The shareholders used electric tubewells ( Table 2 ) that were exposed to voltage fluctuations and load shedding [58, 59] . Farmers use over-sized electric motors to adapt to the situation of voltage fluctuations [60] . Tubewells with a larger capacity also have more operational and management problems, as well as higher extraction costs [59, 61] . It is very likely that the use of higher capacity tractors and shared ownership tubewells decrease allocative efficiency by leading to energy overuse and incurring a higher cost of production.
Policy Implications
The noticeable absence of allocative efficiency for wheat farmers implies that policy instruments should target the price or allocation of inputs in wheat farming, such as groundwater pricing. The differences in allocative efficiency and groundwater costs imply that these policy instruments will not have similar efficiency effects for all groups. Moreover, given that the shareholders have to use tubewells with high capacity in order to satisfy their demand, they cannot switch to use smaller capacity wells. However, extension services should provide economic decision-making support to all farmers, especially the tubewell shareholders, to minimise their cost of production, which will improve allocative efficiency. The tractor-operated tubewells should only be used in deeper water level areas where it is not feasible to extract groundwater with lower capacity diesel engine tubewells. Diesel engines of appropriate capacity should be preferred over tractor-operated tubewells where the water table is not extremely low.
Our study findings imply that the local extension staff, irrigation department, and on-farm water management offices should help to improve the allocation efficiency of farmers by providing technical support and consultation in selecting the appropriate capacity of tubewells according to their irrigation demands, water level, and power source. As the extension staff, irrigation department, and on-farm water management offices cannot reach each and every farmer, private drilling services should also be targeted to help farmers choose an appropriate tubewell system.
Conclusions
This research estimated the farm-level technical, allocative, and groundwater use efficiency of wheat farmers, along with the associated determinants of allocative efficiency. The cross-sectional dataset included three groups of wheat farmers: tubewell owners, tubewell shareholders, and water buyers. The results showed that all three groups of wheat farmers operated with fairly high levels of technical and groundwater use efficiency. However, their allocative efficiency was remarkably low. These results advocate that reviewing technical efficiency alone does not provide adequate information about the efficiency of farmers in terms of other aspects, such as allocative efficiency.
The tubewell shareholders had noticeably lower allocative efficiency than the tubewell owners and water buyers, due to their higher cost of production. These findings suggest that policymakers should consider tailored policy interventions to improve the allocative efficiency of different groundwater user groups.
The allocative efficiency of wheat farmers decreased in line with the increasing capacity of their tubewells, being a shareholder, and use of a tractor operated tubewell. Based on these findings, it is suggested that instead of tractor-operated tubewells, farmers should be encouraged to install diesel tubewells of appropriate capacity according to their water depth and irrigation demands. Along with recommendations about crop management practices, the farmers should be provided with recommendations for optimal allocation of inputs according to the input prices. In this regard, the local extension staff, irrigation department, and on-farm water management offices should provide technical support and training on the economics of groundwater extraction to farmers and private drilling services so that they can select an appropriate tubewell system that minimises the cost of groundwater irrigation.
Overall, the research findings suggest that further research should empirically analyse the process of selecting tubewells to devise policy measures for the appropriate selection of tubewells. To investigate potential improvements in allocative efficiency, there is a need to conduct further study of the factors affecting farmers' choices of tubewells, factors affecting their ownership status, and the associated difference in the cost of producing wheat.
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